Abstract. In this study vapour pressure osmometry was used to determine water activity in the solutions of organic acids. The surface tension of the solutions was also monitored in parallel and then Köhler curves were calculated for nine organic acids (oxalic, malonic, succinic, glutaric, adipic, maleic, malic, citric and cis-pinonic). Surface tension depression is negligible for most of the organic acids in dilute (≤1 w/w%) solutions. Therefore, these compounds affect equilibrium vapour pressure only in the beginning phase of droplet formation when the droplet solution is more concentrated but not necessarily at the critical size. An exception is cis-pinonic acid which remarkably depress surface tension also in dilute (0.1 w/w%) solution and hence at the critical point. The surface tension of organic acid solutions is influenced by the solubility of the compound, the length of the carbon chain and also by the polar functional groups present in the molecule. Similarly to surface tension solubility plays an important role also in water activity: compounds with higher solubility (e.g. malonic, maleic and glutaric acid) reduce water activity significantly in the early phase of droplet formation while less soluble acids (e.g. succinic and adipic acid) are saturated in small droplets and the solution starts diluting only in bigger droplets. As a consequence, compounds with lower solubility have a minor effect on water activity in the early phase of droplet formation. To deduce the total effect Köhler curves were calculated and critical supersaturations (S c ) were determined for the organic acids using measured surface tension and water activity. It was found that critical supersaturation grew with growing carbon number. Oxalic acid had the lowest critical supersaturation in the size range studied and it was comparable to the activation of ammonium sulphate. The S c values obtained in this study were compared to data from CCNC experiments. In most Correspondence to: G. Kiss (kissgy@almos.uni-pannon.hu) cases good agreement was found. For modelling purposes S c vs. d dry plots are given and the dependence of water activity and surface tension on concentration are also formulated.
Introduction
The role of organic compounds in cloud formation (and thereby in indirect aerosol forcing) has received particular attention in the past few years. It has been shown that in addition to inorganic salts organic aerosol particles can also act as cloud condensation nuclei. Köhler theory is often used to calculate the critical supersaturation corresponding to an aerosol particle of known dry size and composition. However, the reliability of the calculation strongly depends on the input parameters of the model, namely the surface tension and the water activity of the solution formed on the aerosol particle. Inorganic salts of atmospheric relevance do not change the surface tension of water significantly, so in the model calculations the surface tension of water can be used. This is not the case for organic aerosol components, some of which are surfactants, e.g. humic-like substances or other organic acids. In the past few years surface tension of cloud water Decesari et al., 2004) , fog water and aerosol extract (Seidl and Hänel, 1983; Capel, 1990; Facchini et al., 2000; Decesari et al., 2004; Kiss et al., 2005) as well as that of solution of individual organic compounds (Ervens at al., 2004; Shulman et al., 1996; Tuckerman and Cammenga, 2004) were studied leading to a basic knowledge on their surface tension effect. However, hardly any information is available on the water activity of such atmospheric samples or model solutions of organic compounds. Consequently, the critical supersaturation of particles consisting of a pure organic compound or mixture of different components can be estimated only with high uncertainty.
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Z. Varga et al.: Modelling the effect of organic acids
Köhler theory (Köhler, 1936) predicts the supersaturation (S) of water vapour over a solution droplet of a given radius (r): S = p/p 0 − 1 = a w exp(2σ M w /(rρRT ) − 1
(1)
Where p is the water vapour pressure over the droplet solution, p 0 is the water vapour pressure over a flat water surface, a w is the water activity in the droplet solution, σ is the surface tension of the droplet solution, M w is the molecular weight of water, ρ is the density of water, R is the universal gas constant and T is the temperature. The vapour pressure is decreased by the dissolved matter (Raoult effect, represented by a w ) while the curvature of the droplet exerts an opposite effect (Kelvin effect, accounted for by the exponential term which is dependent on the surface tension of the solution.) Water activity data for organic compounds are rare, especially for mixtures. So, often the simplified form of the Köhler equation is used to calculate the critical supersaturation:
In this equation A/r represents the Kelvin effect, where A=2σ M w /ρRT . The second term stands for the Raoult effect and B=3i*m s /M s *M w /4πρ, where m s is the mass of the solute in the droplet, M s is the molecular weight of the solute in the droplet, i is the van't Hoff factor of the solute in the droplet. It can be shown that i∼ν (Kreidenweis et al., 2005) where ν is the number of ions produced from one solute molecule and is the molal osmotic coefficient of the solute in solution. Often =1 is assumed and i is considered to reflect the dissociation ability of the solute. Thus, the van't Hoff factor is about 1 for non-electrolytes and typically higher than 1 for electrolytes. This form of the Köhler equation contains several mathematical and physicochemical simplifications, which can lead to uncertainty, especially in the early phase of droplet formation when the concentration of the solute is high. The van't Hoff factor is a critical parameter in the Raoult term since it depends on the concentration of the organic compound. Furthermore, in case of mixtures other organic and inorganic species present in the solution can also influence it. Due to the lack of information on concentration dependence, fixed value of van't Hoff factor is applied in most investigations to calculate the critical supersaturation. Since organic acids are weak electrolytes, van't Hoff factor of unity is often used (Hori et al., 1996; Pandis, 1997, 1998; Corrigan and Novakov, 1999; Prenni et al., 2001; Giebl et al., 2002; Raymond and Pandis, 2002; Kumar et al., 2003; Bilde and Svenningsson, 2004) . Schulman et al. (1996) used 2 as van't Hoff factor for cis-pinonic acid while Mircea et al. (2002) applied i=3 for dicarboxylic acids assuming complete dissociation. In order to take into account the concentration dependence of the van't Hoff factor Kumar et al. (2003) used values between 1.2 and 2 for oxalic acid. These van't Hoff factors were derived from the dissociation constants and the actual concentration of oxalic acid in the droplet. Thus, reasonably good agreement between theoretical calculations and experimental results were found. While this approach gives more realistic results for strong acids than a fixed van't Hoff factor, it cannot be used for mixtures of unknown compounds (e.g. atmospheric samples) since the dissociation constants, the molecular weight and the concentration of the aerosol constituents are not known. In such a case, of course, also the fixed van't Hoff factor approach leads to high uncertainty.
In this paper we applied a new approach for the calculation of the Köhler curves. The osmolality and surface tension of a series of solution were measured then water activity was derived from osmolality. Finally, the original form of the Köhler equation (Eq. 1) was used to calculate critical supersaturation. Thus, uncertainties originating from the use of the simplified equation (Eq. 2) were eliminated. The applicability of the method was demonstrated on organic acids, since these compounds are usually found in highest concentration in aerosol samples as individual compounds. Furthermore, model calculations and measurements with cloud condensation nucleus counters (CCNC) are available for organic acids, so the results of our model calculations can be compared to these data.
Experimental
In this study nine organic acids were included: oxalic, malonic, succinic, glutaric, adipic acid (C2-C6 α, ω-dicarboxylic acids), maleic acid (unsaturated C4 dicarboxylic acid), malic acid (hydroxy C4 dicarboxylic acid), citric acid (hydroxy C6 tricarboxylic acid) and pinonic acid (monocarboxylic C10 acid, oxidation product of terpene). Basic properties of the investigated acids are summarized in Table 1 . First, a solution corresponding to a defined growth factor (GF) was prepared. Then the osmolality was measured with a KNAUER K -7000 vapour pressure osmometer (VPO) at 40 • C with equilibrium time of 3.5 min. The working principle of the VPO is the measurement of temperature difference arising from the vapour pressure difference between a solution droplet and a pure water droplet. The advantage of the method is that the osmometer accounts for all phenomena (e.g. dissociation of electrolytes, electrostatic interactions in the solution, etc.) that influence the vapour pressure of the solution. Furthermore, the wide working range (0.005-10 mol/kg water) of the instrument allows activity measurement in the 0.85-1 activity range where the electrodynamic balance is less applicable. Water activity of the organic acid solutions was derived from osmolality as suggested earlier (Kiss and Hansson, 2004; Rosenorn et al., 2005) and is given in Tables 3a-b. It is important to note that the accuracy of the measurement is very good: an error of 5% in osmolality results in an error of only 0.005-0.05% in water activity in the relevant concentration range. An FTÅ 125 tensiometer was applied to determine the surface tension of the solutions on the basis of pendant drop shape analysis. From a single solution drop 40 parallel measurements were done during 10 s at room temperature. The volume of the droplet in both measurements was about 10 µl corresponding to a curvature radius of approximately 1.2 mm. Finally, the equilibrium supersaturation was calculated with the original Köhler equation (Eq. 1).
Results

Surface tension effect of organic acids
Different organic acids modify the surface tension to various extents. The effect of α, ω-dicarboxylic acids as a function of concentration (w/w%) is summarized in Table 2a . Oxalic, succinic and adipic acids, which contain even number carbon atoms, have lower solubility, therefore their effect was studied in a limited concentration range. As it can be seen in Table 2a the surface tension at 1 w/w% slightly decreases with growing hydrophobic chain (carbon number). This effect is much stronger at higher concentrations (30-40 w/w%) for the compounds containing odd number carbon atoms (malonic and glutaric acids) leading to a 10-20% decrease in surface tension. Similar effect of dicarboxylic acids was observed by Shulman et al. (1996) using the droplet volume method. For cis-pinonic acid Tuckermann and Cammenga (2004) measured similar surface tension values, for example at 0.5 w/w% they measured 0.0577 Jm −2 which almost equals our result (0.0576 Jm −2 ).
It must be noted that highly surface active compounds are depleted from the bulk as they are accumulated at the surface of small droplets (Li et al., 1998; Sorjama et al., 2004) . However, the organic acids studied here are slightly surface active except cis-pinonic acid. Therefore the effect of distribution between the surface and the bulk of the droplet may not be a major issue. In the case of cis-pinonic acid its low solubility makes surfactant depletion less important (Sorjama et al., 2004) . On the basis of these arguments it can be concluded that surface-to-bulk distribution is probably of minor importance in our results.
The presence of a double bond (maleic acid) or a hydroxyl group (malic acid) in the C4 dicarboxylic acid increased the water solubility and thus enhanced the depression of surface tension in concentrated solutions as compared to the C4 α, ω-dicarboxylic acid (succinic acid) as shown in Table 2b . The effect of functional groups can be observed in the case of citric acid, too. Citric acid is a tricarboxylic acid with 6 carbon atoms and a hydroxyl group. Due to the presence of the polar functional groups its water solubility is high but the surface tension depression is moderate only (8-9%) even in high concentration (30-40 w/w%) solution. Among the organic acids studied cis-pinonic acid decreased the surface tension of the solution most efficiently (by 20%) even in a very dilute solution (0.5 w/w%). This feature may have an important consequence during cloud formation as it will be discussed in the next paragraph.
The impact of surface tension depression on cloud droplet activation can be better assessed if surface tension is expressed as a function of growth factor (GF) as shown in Fig. 1 . It can be observed that surface tension of the droplet solution for most of the organic acids is close to that of pure water (0.072 Jm −2 ) if GF≥4. In other words, the surface tension depression of these compounds may affect critical supersaturation only for particles of very small dry size (d<30 nm) because such particles activate at GF<4.
In contrast with the dicarboxylic acids cis-pinonic acid remarkably depress surface tension also in very dilute solutions (Table 2b , Fig. 1 ). As a consequence, this acid is likely to decrease the Kelvin term at the critical droplet size, too. However, the critical supersaturation and critical droplet size are jointly determined by surface tension and water activity of the solution as it is discussed in the next sections. 
Water activity of organic acid solutions
Water activity of the organic acid solutions as a function of concentration is given in Tables 3a-b. For the sake of comparability activity values corresponding to the same concentration are shown in Tables 3a-b but quadratic functions fitted on the data are also given for modelling purposes. Similarly to surface tension the effect of organic acids on water activity varies from compound to compound. At a given w/w% this difference is caused by two features primarily: molecular weight (MW) and dissociation constant (pK) of the organic acid. Compounds with lower MW and lower pK (stronger acids) produce more ions from a given mass and, consequently, decrease water activity to higher extent. If water activity is expressed as a function of GF (Fig. 2) , the density of the acid has some influence, too. A compound of higher density includes more mass in a given volume, therefore results in lower water activity (assuming identical MW and pK.) For example, oxalic acid (MW=90.04 g/mol, pK 1 =1.23, pK 2 =4.19, ρ=1900 kg/m 3 ) decrease water activity to 0.983 at GF=3 while water activity in a glutaric acid (MW=132.12 g/mol, pK 1 =4.34, pK 2 =5.41, ρ=1400 kg/m 3 ) droplet of the same size is as high as 0.993. Similarly to surface tension, solubility plays an important role also in water activity: compounds with higher solubility (e.g. malonic, maleic and glutaric acid) reduce water activity significantly in the early phase of droplet formation (GF=2) while less soluble acids (e.g. succinic and adipic acid) are saturated below GF=4, so these acids have constant water activity in this droplet size range and the solution starts diluting only in bigger droplets. As a consequence, compounds with lower solubility have a minor effect on water activity in the early phase of droplet formation.
Water activity has been derived in some studies for malonic, oxalic and glutaric acids from experiments with This introduces the largest uncertainty into the Raoult term and the calculation of saturation. The maximum value of the van't Hoff factor equals 3 for dicarboxylic acids since from one molecule 2 protons and an acid anion can be formed. However, the maximum value is reached only in infinitely dilute solutions when dissociation is complete. In more concentrated solutions the value of van't Hoff factor can be significantly less and depends on the dissociation constants and the osmotic coefficient of the acid. Since the osmometer accounts for both dissociation of solute and non-ideality of solution, osmolality data can be used to calculate van't Hoff factors. Such calculation was performed with some organic acids in a growing droplet using Eq. (3) and the results are shown in Fig. 3 . Fig. 3 . Van't Hoff factors of organic acids in a droplet formed on a dry particle of 100 nm in diameter. The red points show the van't Hoff factors calculated from the dissociation constants of the acids.
where C osm = osmolality i = van't Hoff factor m = molality
It can be seen that the van't Hoff factors grow with decreasing concentration as a consequence of increasing degree of dissociation. Furthermore, at a given concentration oxalic acid produces the most ions since it is the strongest acid among the compounds studied. In Fig. 3 van't Hoff factors for oxalic and glutaric acids calculated from dissociation constants are also shown. The agreement between these values and the osmolality-derived van't Hoff factors is good, indicating that the solutions can be considered as ideal solutions. Our results partially differ from those calculated by Sun and Ariya (2006) from water activity values reported earlier: they obtained increasing van't Hoff factor with increasing concentration for malonic acid and found higher i values for succinic than oxalic acid in the 0.1-1 mol/kg concentration range. These results are contradictory to the dissociation constants of the acids. It can also be observed in Fig. 3 that the actual i value in growing droplets and also around the critical size (d droplet =550-870 nm) is significantly less than 3. In Figs. 4a-b Köhler curves for oxalic and succinic acids obtained with the original Köhler equation (Eq. 1) by using real water activity and surface tension values are compared to curves calculated with the simplified Köhler equation (Eq. 2) assuming constant van't Hoff factors of 1, 2 and 3. It can be concluded that the critical supersaturation of oxalic acid can be approximated with a curve assuming constant i between 1 and 2 (i=1.75 exactly). For succinic acid a hypothetic constant van't Hoff factor of 1 would give a good estimate as a consequence of the weaker acidity of the acid. However, the use of i=3 (i.e. the assumption of full dissociation) would result in a 2-3-fold overestimation in the magnitude of the Raoult term and thus a significant (24% and 39%, respectively) underestimation of the critical supersaturation of a d dry =100 nm oxalic acid and a succinic acid particle. 
Critical supersaturation of organic acids
Once the surface tension and water activity are known as a function of concentration (or GF) Köhler curves can be calculated for a dry nucleus of a given size. The maximum value of the Köhler curve gives the critical supersaturation corresponding to an organic acid particle of that dry size. Performing the calculation for nuclei of various sizes the critical supersaturation as a function of dry diameter can be obtained as shown for α, ω-dicarboxylic acids in Fig. 5 . The critical supersaturation grows with growing carbon number. Oxalic acid, which contains only two carbon atoms, has the lowest critical supersaturation at any dry particle diameter. It is also visible in Fig. 5 that S c of oxalic acid is comparable to that of ammonium sulphate. It can also be seen in the figure that for a given compound the critical supersaturation decreases with growing dry diameter. Critical supersaturations for the other organic acids are shown in Fig. 6 . As it can be seen, the unsaturated dicarboxylic acid (maleic acid) can activate the most easily among these compounds as a consequence of its relatively strong effect on water activity ( Fig. 2 ) and surface tension (Fig. 1) . The critical supersaturations of the other acids are very similar to that of succinic acid. It is worth noting that cis-pinonic acid can activate at high supersaturation despite the fact that its surface tension lowering ability is by far the strongest among the nine acid studied (Fig. 1) . This can be explained by the low water-solubility and low degree of dissociation of the acid which lead to a negligible decrease in water activity (Fig. 2) . Cis-pinonic acid and oxalic acid are good examples that Kelvin and Raoult effects have to be considered simultaneously. Evaluation of their CCN ability based on mere surface tension data would lead to significant under-and overestimation of critical supersaturation, respectively, similarly to what was concluded from the scientific discussion between Facchini et al. (2001) and Rood and Williams (2001) about the possible effect of organic aerosol constituents on critical supersaturation. Critical supersaturations calculated from surface tension and osmolality measurements were compared to CCNC measurements. Results for dicarboxylic acids and cis-pinonic acid are shown in Fig. 7 . Two curves were calculated for oxalic acid (Fig. 7a) , one starting from anhydrous oxalic acid particles and the other one assuming oxalic acid dehydrate. (Results shown in previous Figures refer to anhydrous oxalic acid.) On the basis of aerosol infrared spectroscopy Kumar et al. (2003) concluded that at RH>15% oxalic acid exists in dihydrate form. Perfect fit was observed between the CCNC data by Kumar et al. (2003) and our model calculation assuming the activation of oxalic acid dihydrate particles. However, these values differed significantly from the CCNC result by Prenni et al. (2001) . Good agreement was found for malonic acid (Fig. 7b) with the CCNC measurements by Prenni et al. (2001) , Giebl et al. (2002) and Kumar et al. (2003) . Although Giebl et al. (2002) reported consistently lower, while Kumar et al. (2003) consistently higher dry diameters at a given supersaturation than the results of our calculation, in most cases these deviations were within the confidence interval of the experimental results. For succinic acid (Fig. 7c) we obtained slightly lower dry diameters than Corrigan and Novakov (1999) and Hartz et al. (2006) , but the CCNC result of Prenni et al (2001) fitted our curve very well. It must be noted that because of the limited solubility of succinic acid our experimentally based model calculations were limited to d dry ≥60 nm. Thus, the comparison with the result of d dry =46±8 nm by Hartz et al. (2006) is somewhat arbitrary. For glutaric acid (Fig. 7d ) our results agreed well with the CCNC results by Raymond and Pandis (2002) and Kumar et al. (2003) but they were significantly lower than the dry diameters published by Cruz and Pandis (1997) . For adipic acid (Fig. 7e) and cis-pinonic acid (Fig. 7f ) the comparison did not show good agreement. The water solubility of these acids was the lowest among the organic compounds studied. As concluded by Bilde and Svenningsson (2004) slightly soluble compounds have two local maxima in their activation curve: the first one being the higher and the second (lower) one corresponding to traditional Köhler theory. Since our curves were calculated by using the traditional Köhler theory (Eq. 1), the discrepancy between our results and CCNC data is understandable. It must be noted, however, that the uncertainty of CCNC measurements is also high for these compounds, e.g. the dry diameter corresponding to 1% supersaturation spans from 52 nm (Cruz and Pandis, 1997) to 170±29 nm (Hartz et al., 2006) . Actually, the difference between our results and CCNC data is not bigger than the difference between CCNC data of various groups.
Finally, we compared the calculated supersaturations obtained by using real surface tension and water activity with supersaturations estimated by applying different simplifications:
1. Instead of the surface tension of the organic acid solution the surface tension of water (0.072 J m −2 ) was used.
2. Instead of water activity the Raoult effect was estimated by Eq. (2) assuming i=1, 2 or 3.
Such curves are shown for oxalic and succinic acid on Figs. 8a and b, respectively. The curves calculated with real water activity and with or without simplification A were identical for both acids as a consequence of their negligible surface tension lowering effect. However, simplification B made a substantial difference: for oxalic acid the curve obtained with σ =0.072 Jm −2 and i=2 gave the best estimate, especially with increasing d dry . For smaller particles (d dry <100 nm) this simplification resulted in the underestimation of the critical supersaturation because the concentration of the solution at the critical point is higher for smaller particles and therefore the dissociation of oxalic acid is suppressed, yielding i<2. For succinic acid the situation is somewhat different, the simplification of 0.072 Jm −2 and i=1 gave good approximation throughout the size range studied (60<d dry <200 nm). This can be explained with the lower degree of dissociation of succinic acid.
Conclusions
In this study solution of nine organic acids were investigated with a tensiometer and a vapour pressure osmometer to calculate their activation with the original form of the Köhler equation. Some acids with good water solubility decreased the surface tension considerably in the beginning phase of the droplet formation when the droplet solution is rather concentrated. However, the surface tension depression was negligible at low concentration corresponding to the conditions present in the droplet at activation. The only exception was cis-pinonic acid, which decreased the surface tension to 0.0576 Jm −2 even in dilute solution (0.5 w/w%). The presence of a double bond (maleic acid) or a hydroxyl group (malic acid) in the C4 dicarboxylic acid increased the water solubility and thus enhanced the depression of surface tension in concentrated solutions as compared to the C4 αω-dicarboxylic acid (succinic acid). However, the dominance of polar functional groups in citric acid led to a moderate surface tension depression only even in high concentration (30-40 w/w%) solutions. Water activity of the organic acid solutions was found to be primarily determined by the dissociation constant and molecular weight of the compounds:
well dissociating small acids decreased water activity most efficiently. As a consequence, oxalic acid solutions had the lowest water activity at a given concentration. It was found that among the organic acids studied oxalic acid particles activated at the lowest supersaturation despite the negligible effect on surface tension. Its CCN ability was found to be close to that of ammonium sulfate. On the other hand, cis-pinonic acid activated at high supersaturation despite the fact that its surface tension lowering ability was by far the strongest among the nine acids studied. These examples clearly show that Kelvin and Raoult terms together define whether an organic compound promote or hinder activation. Results of our model calculations were compared to data obtained in CCNC experiments and good agreement was found when consistent CCNC data were available. This confirms that our method, which is based on the measurement of surface tension and osmolality, can be used for the description of the activation of organic acids. Furthermore, the method is very useful for organic mixtures, organic-inorganic mixtures and real aerosol samples when the estimation of the van't Hoff factor is more difficult or impossible, and thus osmolality-derived water activity decreases the uncertainty of the calculations substantially. The demonstration of the method on such mixtures and real aerosol samples is the subject of further studies.
